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Abstract 

In an attempt to re-establish space-time as an essential frame for formulat- 
ing quantum gravity - rather than an "emergent" one we find that exact 
invariance under scale transformations is an essential new ingredient for such 
a theory. Use is made of the principle of "black hole complementarity", the 
notion that observers entering a black hole describe its dynamics in a way that 
appears to be fundamentally different from the description by an outside ob- 
server. These differences can be boiled down to conformal transformations. If 
we add these to our set of symmetry transformations, black holes, space-time 
singularities, and horizons disappear, while causality and locality may survive 
as important principles for quantum gravity. 
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1. Introduction: scales in general relativity 



Due to quantum effects, a black hole emits particles of all sorts. Thus, if left entirely 
by itself, a black hole gradually looses mass, eventually ending its life with a gigantic 
explosion. This is the Hawking effect [1]. For an intuitive understanding of our world, 
the Hawking effect seems to be quite welcome. It appears to imply that black holes 
are just like ordinary forms of matter: they absorb and emit things, they have a finite 
temperature, and they have a finite lifetime. One would have to admit that there are 
still important aspects of their internal dynamics that are not yet quite understood, but 
this could perhaps be considered to be of later concern. Important conclusions could 
already be drawn: the Hawking effect implies that black holes come in a denumerable set 
of distinct quantum states. This also adds to a useful and attractive picture of what the 
dynamical properties of space, time and matter may be like at the Planck scale: black 
holes seem to be a natural extension of the spectrum of elementary physical objects, which 
starts from photons, neutrinos, electrons and all other elementary particles. 

In such a picture, however, what happens to the horizon and the space-time singu- 
larities? An answer sometimes suggested by string theorists, as well as others, is that 
all of space-time is just "emergent" [2] [3] [4] ; the theory should first be formulated with- 
out space-time altogether. Or, perhaps, time alone is an emergent concept [5]. It was 
argued that, at least, locality would have to be abandoned [6] [7]. In this paper, however, 
we dismiss all such options. In particular, we insist that any satisfactory theory should 
have built in a strong form of causality, as well as locality, in order to explain why cause 
precedes effect, and why events separated at some distance from one another appear to 
evolve independently. For this, space-time appears to be indispensable. 

Something has to give, and in this paper we claim to have found a good candidate for 
that: the definition of scales in space-time. It should be done in a way that differs from 
conventional wisdom. 

In what follows it is useful to write the metric tensor Qnvix) as: 

g^,u{.x) = uj'^{x)gij,^{x) , where 
det(^^,) =-1, (-det(5^,))V8 . 

Since the hght cone is defined by solutions of the equation 

ds^ = g^^Ax^dx' , (1.2) 

it is g^v that determines the positions of light cones, whereas uj{x) defines the scales for 
rulers and clocks in the theory. 

As for general coordinate transformations, the split (1.1) simply implies that gfj,v{x) 
and uj{x) transform anomalously. When x^ u^{x) , then 

uj{x) ^ u{u) = uj{x)<lei{^y" . 
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2. Black hole complementarity 

An observer entering a black hole would experience quantized fields 0(a;) that are defined 
in a space-time expanding across the horizon. Indeed, this observer would not even know 
where exactly the horizon is, and her description should certainly not depend on that. 
Assuming the horizon to be a plane that we put at the origin of our coordinate frame, we 
can regard space-time as to be split into two pieces: 

region I , 2; > 0, = (l)i{g,T) , with z — ^coshr , (2-1) 
region 77 , 2; < 0, (f){x) — (f)ii{g,T) , with z — — ^coshr . (2.2) 

So here, 0(a;) is the field used by the ingoing observer, while the outside observer has 
only (f)j to his disposal. One derives that the vacuum state |vac) experienced by the 
ingoing observer, splits up as 

|vac) = 5^|n),|n),,e-'^^» , (2.3) 

n 

where \n)i is the complete set of states of the outside observer in region 7 , while \n)jj is 
a complete set of states that all escape the attention of this observer. En are the energies 
in these states, and r is the normalized time coordinate for the outside observer. The 
probability that a state n is detected is therefore 

W{n) = 06-^""^- , (2.4) 

so that we have a temperature T which, in the units used, obeys kT — l/27r . 

Black hole complementarity[8][9][10][H] refers to the fact that observers who stay 
outside the black hole can see the Hawking particles, including the effect they have on the 
space-time metric, while observers entering the black hole can neither sec these particles, 
nor the effect they have on the metric. On the other hand, these observers do have to add 
all particles that entered, and will enter, the black hole to obtain a meaningful description 
of what is going on there. These differences are caused by the fundamental difference in 
the way the two sets of observers experience the notion of time. 

We now bring a slight twist in this notion of complementarity. Rather than distin- 
guishing observers who go into a black hole from the ones staying out, we note that the 
ingoing observer sees everything that went into the black hole, whereas the second observer 
sees all objects going out - the Hawking radiation. Thus reformulated, complementarity 
really refers to the mapping from the in-states to the out-states. 

It is instructive then, to consider the special case that the black hole was formed by the 
collapse of a single shell of massless non interacting particles moving in radially, because 
this case has a simple exact analytical solution: outside the shell we have the Schwarzschild 
metric, inside the shell space-time is flat, and the two regions are glued together in such a 
way that the metric is continuous. In particular, the transverse components of the metric 
must match, which means that the r coordinate coincides inside and outside the shell. 
Furthermore, we take the case that the outgoing Hawking particles also form a single shell 



2 



of matter. Since, actually, the Hawking particles have a thermal spectrum, it is highly 
unlikely that these particles emerge as a single shell, but it is not impossible. The shell is 
suppressed by large Boltzmann factors, but this just means that it occupies a very tiny 
portion of phase space; that is not relevant to our procedure. Later, one may replace the 
in- and outgoing matter configurations by more realistic ones. Thus, for simplicity, the 
in-configuration is described by Fig. 1 a , and the out-configuration by 1 6 . 




Figure 1: a) The in-configuration of a black hole; h) the out-configuration. 
Dotted lines are the horizons in both pictures. In the case both the in-going 
matter and the out-going matter forms a single shell, there is a region at the 
center that both pictures seem to have in common (c). 

According to the complementarity principle, the ingoing observer thinks that only 
the in-going matter in Fig. 1 a is responsible for the matter contribution to the space- 
time curvature, while the Hawking radiation is essentially invisible. In Fig. 1 h , space- 
time is shown as it is recorded by the late outside observer: only the Hawking particles 
are responsible for the space-time curvature, while all in-going matter that formed the 
black hole in turn is invisible to him^. Naturally, one asks how these differences can be 
implemented in one all-embracing theory. Are there transformations from one picture to 
the other? How complex may these transformations be? How can these be reconciled 
with causality? 

3. Causality and locality 

We now insist that the complementarity transformation that relates Fig. 1 a with Fig. 1 h 
should be a local transformation of dynamical physical degrees of freedom, and further- 
more, that this transformation preserve the causal order of events, so that an evolution 
law obeying obvious causality can be phrased in either one of the two systems. This neces- 
sarily means that the light cones should not be affected by this transformation. Therefore, 

^This picture differs somewfiat from the older versions of "complementarity", where the outside ob- 
server does see the matter going in; we presently take the viewpoint that if an observer registers the effect 
of Hawking radiation on the metric, all ingoing matter becomes invisible, which is the exact time-reverse 
of what the ingoing observer sees. 
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in Eqs. (1.1) and (1.2), g^u{x) should remain the same, but uj{x) may be different. To 
be precise, lj{x) is observer dependent. The value of u!{x) depends on whether the point 
X is seen through a curtain of Hawking particles or directly. Therefore, according to the 
complementarity principle, the physical events taking place at some space-time point x 
should not depend explicitly on uj . We end up with a picture where u!{x) is entirely 
unobservable locally, much like a local gauge parameter A{x) in a gauge theory. 

The fields g^i,{x) must obey equations of their own. Formulating these equations 
will be difficult, and we postpone this to future work. By first studying the physical 
consequences of this idea, we must cultivate some feeling about how to proceed. 

At this point, we can already identify some of these consequences. Suppose we have a 
space-time where we are free to choose uj . Suppose that cosmic censorship[12][13] holds. 
This means that, in terms of the conventional metric Q/^i, , any naked singularity is hidden 
behind a horizon. Then, whenever we encounter such a singularity, we can adjust co in 
such a way that a clock shows infinite time when approaching this singularity. Therefore, 
it now occurs at t = oo . In practical examples, the singularity will also have been 
smeared out so that it effectively disappears, and then also the horizon disappears, as we 
will demonstrate. 



4. Conformal transformations 

In the case described in Section 2, where both in- and out- going matter forms a single 
shell, there is an internal flat region that both descriptions have in common. Since it is 
flat, they have the same, flat value g^uix) = ?7^^ for the metric. So here, the only choice 
we have for the transformation is the value for the scales lj{x) . As is well-known, the 
only transformations that leave ^^j, = 7)^1, intact, are the conformal transformations. If 
in both Figures 1 a and 1 6 , we choose the tip where the singularity starts as the origin 
of space-time, then this mapping is 

/I 

^ (-1)^^° (A I) 

- ^ ^ |(Xout)^| ' ^ 

where the square is of course the Lorentz invariant square of the coordinate Xout ■ We 
chose the sign here such that the timehke causal order is preserved. All vectors in the 
relevant region are timelike with respect to the origin chosen. 

The transformation (4.1) is illustrated in Figure 2, where we see that indeed hghtlike 
geodesies stay lightlike. We see cosmic censorship at work: the singularity in both frames 
are moved to t — ±oo in the other frames. As for the region outside the collapsing 
and the expanding shells, wc might decide to choose no change in u; . At the lightlike 
shells themselves, the mapping is singular, but this may be attributed to the fact that 
we are dealing with macroscopic black holes in this example, so that, in both coordinate 
frames, matter tends to take divergent values for their stress-energy-momentum tensors. 
In microscopic black holes, the transformation may be less singular at these regions. 
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Figure 2: The conformal transformation for the inside of the black hole of 
Fig. 1. Bold lines show matter going in (a), and out (6). The dotted lines 
show how lightlike geodesies transform. The arrowed line is the same timelike 
trajectory in the two frames. 



5. Scale invariance and the stress-energy- momentum tensor 

The above considerations imply that the scale factor u{x) is ambiguous, yet it is needed 
to describe clocks and rulers in the macroscopic world, and it is also needed if we wish 
to compute the Riemann and the Ricci curvature, because they depend on the entire 
metric g^i, , not just ^^i, . Clearly, the world that is familiar to us is not scale invariant. 
Without uj we cannot define distances and we cannot define matter, but we can define 
the geometry of the light cones, and, if g^i, is non-trivial, it should describe some of the 
physical phenomena that are taking place. It should be possible to write down equations 
for it without directly referring to u . 

To what extent will lj{x) be determined by g^v{x) , if we impose some physical con- 
ditions? For instance, we can impose the condition that the space-time singularities are 
all moved to t — oo , so that the interiors of black holes at the moment of collapse, are 
re-interpreted as the exteriors of decaying black holes, as in Figs. 1 and 2. After that is 
done, conformal transformations are no longer possible, because they would move infini- 
ties from the boundary back to finite points in space-time, which we do not allow. But we 
do wish to impose some extra "gauge" condition on uj{x) , so as to fix its value, allowing 
us to define what clocks, rulers, and matter are. 

A natural thing to impose is that all particles appear to be as light as possible. If we 
would have only non-interacting, massless particles, then = . Therefore, a natural 
gauge to choose is the vanishing of the induced Ricci scalar: 




(5.1) 
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When Qfxvix) is given, we can compute (in 4 space-time dimensions): 



(5.2) 



(5.3) 



Here, we write R^i,{uj'^g) 



R^j^y , and Rpiu{g^v) = R^u i and similarly the Ricci scalars. 



The covariant derivative treats the field as a scalar with respect to the metric g^i, . 
The condition that Eq. (5.3) vanishes gives us the equation 



This happens to be a linear equation for a;(x) , which is the reason for having included 
the square in its definition, in Eq. (1.1), since cu is not restricted to be infinitesimal. 

Now let Lj{x) obey Eq. (5.4) in a region where g^i, — 7]^,^ , so that R — 0, and 
consider the Fourier transform a;(/c) of u!{x) , which, at A; , we now take to be 
infinitesimal. The wave vector k obeys k"^ = . Let this wave vector be in the + 
direction. Then, according to Eq. (5.2), the only non- vanishing component of the Ricci 
tensor, and hence also the only non- vanishing component of the stress-energy-momentum 
tensor, is the -|— I- component. Thus, we have shells of massless particles traveling in the 
x~ -direction. Adding all possible Fourier components, we see that, in the infinitesimal 
case, our transition to non-trivial uj{x) values leads us from the vacuum configuration 
to the case that massless particles are fiying around. As long as uj{k) at k ^ stays 
infinitesimal, these massless particles are non-interacting. 

In the case of an evaporating black hole, these massless particles are the Hawking 
particles. Our complementarity transformation, the transformation that modifies the 
values of u;{x) while keeping Eq. (5.4) valid, switches on and off the effects these Hawking 
particles have on the metric^. 

Often, it will seem to be more convenient to impose that we have flat space-time, 
i.e. oj'^cjuu = Viiv at infinity, rather than imposing i? = everywhere. In the case of 
an implosion followed by an evaporating black hole (for simplicity emitting a single shell 
of matter as in Section 2), this would allow us to glue the different conformal regions 
together, to obtain Figure 3. This then gives us a region of large Ricci scalar curvature 
near the horizon. Ricci scalar curvature is associated with a large burst of pressure in 
the matter stress-energy-momentum tensor. This means that an observer who uses this 
frame sees a large explosion near the horizon that sends the ingoing material back out, 
that is, the black hole explodes classically. The local observer would be wondering what 
causes this "unnatural" explosion, which, at the very last moment, avoided the formation 
of a permanent black hole; in our theory, however, the local observer would see no reason 
to use this function uj , so she would not notice any causality violation. Only the distant, 

^It is often c;laimcd that Hawking particles have little or no effect on the stress-energy-momentum 
operator on the horizon[14] [15]. This, however, is true only for the expectation values in the states used 
by the ingoing observer (the Hartle-Hawking states). The outgoing observer uses Boulware states, for 
which the T^^ diverges [16] [17]. 



\Ruj{x) . 



(5.4) 
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Figure 3: Combining the different conformal frames into one metric for tlie 
imploding and subsequently evaporating black hole, gives us a region of large 
Ricci scalar values R near the horizon (here, the two circles). Note that the 
metric outside the collapsing and evaporating shells is Schwarzschild, while 
inside the shells it is fiat. Demanding uj to be continuous across the shells 
implies that the r coordinate should be matched there (see Ref. [18]). 



outside observer would use this on , concluding that, indeed, the black hole is not an 
eternal one since it evaporates. 

The metric described in Figure 3 is related to the metrics described in Ref. [18]. There, 
care was taken that no conical singularity should arise when ingoing and outgoing shells 
meet. Here, we do allow this singularity, interpreting it as a region of large R values, 
which we now demand not to be locally observable. 

6. Conclusions 

Consider a large region of space-time, filled with light particles scattered here and there. 
Suppose we ask what this state looks like after a very large Lorentz boost. This question is 
significant for instance if we consider the neighborhood of a black hole horizon; a (large) 
time boost for an external observer corresponds to a (large) Lorentz boost for a local 
observer. A problem with that is that light particles in one frame transform to extremely 
energetic ones in the boosted frame. Their energies may become so large that the ensuing 
back reaction upon the metric may no longer be ignored. As we saw in Section 5, the 
effects on the space-time metric due to light particles moving nearly with the speed of 
light can be efficiently represented by a conformal factor in the metric^. This means that 

■^The configurations described in Section 5 are actually limited to superpositions of flat shells of 
massless matter; this would leave a problem for massless particles that are point-like. In a quantum 
theory this happens to be not such a bad restriction, if we assume that the particles form plane waves, 
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large Lorentz transformations may work as usual only on spaces with a ^^j, metric, but 
generate delicate gravitational corrections in the scale function uj{x) . This may be seen 
as a different way to phrase our motivation for claiming that lj{x) should be considered 
as locally unobservable, in particular when black hole horizons are considered. This way, 
the Lorentz group can be kept as a perfect symmetry near the Planck scale, but only for 
the g^i, part of the metric. 

Our theory avoids the need to treat space-time as "emergent" [2] [3] . Rather, we con- 
centrate upon the demands of causality and locality. The light cones therefore come first, 
and the scale function uj is of secondary importance. 

Describing matter in a g^i, metric will still be possible as long as we restrict ourselves 
to conformally invariant field theories, which may perhaps be not such a bad constraint 
when describing physics at the Planck scale. Of course that leaves us the question where 
Nature's mass terms come from, but an even more urgent problem is to find the equa- 
tions for the gravitational field itself, considering the fact that Newton's constant 
is not scale-invariant at all. The Einstein- Hilbert action is not scale-invariant. Here, we 
cannot use the Riemann curvature or its Ricci components, but the Weyl component is 
independent of a; , so that may somehow have to be used. 

We suspect that, eventually, scales enter into our world in the following way. Informa- 
tion is now strictly limited to move along the light cones, since only light like geodesies are 
well-defined, not the time like or space like ones. It is generally believed that the amount 
of information moving around in Nature is limited to exactly one bit in each surface ele- 
ment of size 4 In 2 Planck lengths squared. Turning this observation around, one might 
assume that, whatever the equations are, they define information to fiow around. The 
density of this information fiow may well define the Planck length locally, and with that 
all scales in Nature. Obviously, this leaves us with the problem of defining what exactly 
information is, and how it links with the equations of motion. The notion of information 
might not be observer-independent, as the scale factor uj isn't. Quantum mechanics will 
probably require that all these bits of information form distinct elements of a basis for 
Hilbert space, as described in Refs. [19] [20]. 

References 

[1] S.W. Hawking, Particle creation by black holes, Commun. Math. Phys. 43 (1975) 
199, Erratum ibid. 46 (1976) 206. 

[2] S. Liberati, M. Visscr, and S. Weinfurtner, Naturalness in emergent spacetime, 
Phys. Rev. Lett. 96:151301, 2006, arXiv:gr-qc/0512139. 

[3] T. Konopkal, F. Markopoulou and S. Severini, Quantum Graphity: a model of 
emergent locality, arXiv:0801.0861v2 [hep-th]. 

[4] F. Girelli, S. Liberati, and L. Sindoni, On the emergence of Lorentzian signature and 
scalar gravity ,arXiv:0806.4239v2 [gr-qc] . 

but we will not further expand on this issue here. 



8 



[5] J. Butterfield and C. J. Isham, On the emergence of time in quantum gravity, 
arXiv:gr-qc/9901024. 

[6] S. B. Giddings, Black hole information, unitarity, and nonlocality, Phys. Rev. D 74, 
106005 (2006) [arXiv:hep-th/0605196]. 

[7] S. B. Giddings, D. Marolf and J. B. Hartle, Observables in effective gravity, 
Phys. Rev. D 74, 064018 (2006) [arXiv:hep-th/0512200]. 

[8] G. 't Hooft, On The quantum structure of a black hole, Nucl. Phys. B 256 (1985) 
727. 

[9] G. 't Hooft, The black hole interpretation of string theory, Nucl. Phys. B 335 (1990) 
138. 

[10] G. 't Hooft, The Black hole horizon as a quantum surface, Phys. Scripta T36 (1991) 
247. 

[11] L. Susskind, L. Thorlacius and J. Uglum, The Stretched horizon and black hole com- 
plementarity, Phys. Rev. D 48 3743 (1993) [arXiv:hep-th/9306069]. 

[12] R. Penrose, The Question of Cosmic Censorship, Chapter 5 in Black Holes and 
Relativistic Stars, R. Wald (editor), (1994) (ISBN 0-226-87034-0). 

[13] R.M. Wald, Gravitational collapse and cosmic censorship, to appear in 'The Black 
Hole Trail', ed. by B. Iyer. In *Iyer, B.R. (ed.) et al.: Black holes, gravitational 
radiation and the universe*, p. 69. e-Print: gr-qc/9710068. 

[14] K.W.Howard, Vacuum (T^) in Schwarzschild space-time., Phys. Rev. D 30 (1984) 
2532. 

[15] K. W. Howard and P. Candelas, Quantum stress tensor in Schwarzschild space-time, 
Phys. Rev. Lett. 53 (1984) 403. 

[16] B. P. Jensen, J. G. McLauglin and A. C. Ottewill, Anisotropy of the quantum thermal 
state in Schwarzschild spacetime, Phys. Rev. D 45 (1992) 3002. 

[17] M. Visser, Gravitational vacuum polarization IT. Energy conditions in the Boulware 
vacuum, Phys. Rev. D54 (1996) 5116 [arXiv:gr-qc/9604008]. 

[18] T. Dray and G. 't Hooft, The effect of spherical shells of matter on the Schwarzschild 
black hole, Gomm. Math. Phys. 99 (1985) 613. 

[19] G. 't Hooft, Emergent quantum mechanics and emergent symmetries, presented at 
PASCOS 13, Imperial GoUege, London, July 6, 2007; ITP-UU-07/39, SPIN-07/27; 
arXiv:0707.4568[hep-th]. 

[20] G. 't Hooft, Entangled quantum states in a local deterministic theory, 2nd Vienna 
Symposium on the Foundations of Modern Physics (June 2009), ITP-UU-09/77, 
SPIN-09/30; arXiv:0908.3408. 



9 



